This paper analyzes the influences of important structural design parameters on the wind-induced response of cross-rope suspension tower-line. A finite element model of cross-rope suspension tower-line system is established, and the dynamic timehistory analysis with harmonic wave superposition method is conducted. The two important structural design parameters such as initial guy pretension and sag-span ratio of suspension-rope are studied, as well as their influences on the three wind-induced vibration responses such as tensile force on guys, the reaction force on mast supports, and the along-wind displacement of the mast top; the results show that the value of sag-span ratio of suspension-rope should not be less than 1/9 and the value of guy pretension should be less than 30% of its design bearing capacity. On this occasion, the tension in guys and compression in masts would be maintained in smaller values, which can lead to a much more reasonable structure.
Introduction
The cross-rope suspension tower-line is similar in structure to the hybrid structure in suspended cable system to provide elastic support for the split conductors suspended through insulators by using the cross-rope between the ends of double-mast, and for setting up double-mast itself and maintaining the load balance of entire tower, it is necessary to lay out guys at the two sides of the double-mast, which, as a tension structure system, is of a complex nonlinear problem, of which key structural design parameters include the initial guy pretension and the sag-span ratio of suspension-rope, which will have a significant impact on the wind-induced vibration response of the structure.
Issa and Avent proposed discrete-field analysis method and compiled related program for the analysis of guyed towers [1] . Ben Kahla proposed an approximate analysis method of the guyed tower by simplifying guyed tower mast to equivalent curved beam [2] . Sparling has put forward that the initial tensile force of guy-wires not only can provide the towers with wind direction stiffness, but also will affect across-wind stiffness, and both are mutually coupled [3] .
Madugula et al. established the finite element program, simulating lattice mast with beam element, used to study the influence of the initial pretension of guys on structure dynamic response [4] . Wahba et al. discussed the finite element modeling method of two different guyed tower. One is three-dimensional truss element modeling and the other is curved beam element. And it is shown by lots of numerical calculation that the latter is more accurate [5] . Kewaisy proposed hybrid mixed finite element model of guyed towers for consideration of nonlinear effects [6] . Desai and Punde used the generalized finite element method to study the dynamic characteristics of suspension structure [7] . Horr method would underestimate the dynamic response of the towers and proposed the simplified method which has been improved to more accurately estimate the dynamic effect of the towers [12] . Ballaben et al. carried out wind-induced vibration analysis of several important design parameters of guyed towers with results showing that the guy pretension was the most important variable influencing the tower top displacement of the towers [13] . Carrasco-Luzardo et al. made the analysis of the tension of guyed mast in different initial tension conditions with the results showing that the natural frequency of the mast will increase with the increase of the initial tension [14] . Wang et al. set up the nonlinear finite element model of single-mast guyed tower and studied the stress characteristic of single-mast guyed tower and the impact of the initial guy pretension on it by static analysis and made the time-history analysis of wind-induced vibration response of tower-line system [15, 16] . And for study of crossrope suspension tower-line, at present, only the author has researched the wind-induced vibration of it under different guy pretensions and wind attack angles in wind tunnel test [17] [18] [19] [20] . Therefore, this paper focuses on the time-history analysis of wind-induced vibration of cross-rope suspension towerline system so as to research the impact of the two important design parameters, namely, initial guy pretension and the sagspan ratio of suspension-rope, on the wind-induced vibration characteristics of it. The cross-rope suspension tower-line is shown in Figure 1. 
Finite Element Model of a Cross-Rope Suspension Tower-Line System
This paper aims at setting up the finite element model of a cross-rope suspension tower, which is recommended Table 1 , and the specific parameter statistics are as shown in Table 2 . The main material for the double-mast is Q345 and Q235 single equal-angle steel. During the finite element modeling, BEAM188 beam element in ANSYS software was used to simulate angle steel. This type of beam element is called 3D linear finite strain beam element, suitable for the problems such as linear, large rotation, and large strain problems including stress stiffness, so as to be able to make stability analysis, the buckling analysis of characteristic value of bending, rolling motion, torsion, and so on. BEAM188 has two nodes, with 6 to 7 free degrees, 3 translational free degrees, 3 rotational free degrees, and a warping free degree in cross section for each node.
Guys, suspension-rope, and power transmission line are all catenaries. It is required to determine the initial configuration of the catenary in finite element modeling. Catenary equation is not inconvenient to use due to its complexity to a certain extent in calculation, so, catenary formula is generally simplified to parabolic formula, and, namely, approximately considering that line load is evenly distributed along suspension point connection. As shown in 
Sag formula is shown in
Span is shown in
The comprehensive value of suspension point in stress tangential direction is shown in 
Horizontal distance from the lowest point of parabola to suspension point is shown in
Vertical distance from the lowest point of parabola to suspension point is shown in
Regarding the abovementioned equations, l is span length, ℎ is height difference, is the angle of height difference, is the maximum sag of parabola, 0 is the horizontal stress of parabola at each point, and is the relative load of parabola (i.e., the load of unit length and unit cross section). The LINK180 bar element in ANSYS software can be used to simulate catenary. This kind of bar element is called 3D finite strain bar element, being able to bear axial tension or compression, with the functions of plasticity, creep, rotation, large deformation, and large strain, and so on also including stress stiffening effect. LINK180 unit has two nodes, with three translational free degrees on each node.
Calculation Method of
Wind-Induced Vibration time domain analysis of tower-line system for solution. Its solving process is briefly as follows. The motion equation for the structure within the time of + Δ is shown in
Provided that it is within the time domain of ∼ + Δ , the following two formulas should be met:
It can be gotten by formula (11):
Formula (12) is substituted into (10) and then merged into formula (9); the two-step recursive formula for calculation of +Δ , according to and , can be gotten: 
Parameter Analysis
The value size of the initial guy pretension plays a key role in the overall stiffness and stability of the structure. And the suspension-rope, as the carrier bearing insulator and split conductors, is the bridge to connect the masts at both sides to realize internal force reconstruction. In order to study the influence of these two structural design parameters, the initial guy pretensions selected in this paper are, respectively, 10% (77.94 N/mm 2 ), 15% 2 ) of designed bearing capacity. Sag-span ratios of suspension-rope are chosen as 1/8, 1/9, 1/10, 1/11, and 1/12. It is required to analyze the cross-rope suspension tower-line in the 0 ∘ working condition that coming wind is perpendicular to the direction of split conductors and select the guy tensile force at both sides, the reaction force on mast supports at both sides, and the displacement response at the top of masts at both sides for parametric analysis as shown in Figure 5 , in which wind speed is 33 m/s as designed. Figure 6 shows the situation of the average value and the maximum value of guy tensile force on both windward and leeward sides varying with the initial guy pretension and sag-span ratio of suspension-rope. It can be seen from the figure that, with the increase of sag-span ratio, the corresponding tensile force average value and the maximum value of guys at both sides show a trend of decrease. Under each sag-span ratio, with the increase of initial guy pretension, the average value of tensile force on guys at both sides basically increases linearly. In the case of the sag-span ratio of 1/8 and 1/9, the average value and maximum value of tensile force are relatively smaller than those in the case of other sag-span ratios. In the case of the sag-span ratio of 1/8, the maximum value of tensile force on guys on windward side gently changes with the increase of initial guy pretension, and when the initial guy pretension is between 10% and 30%, its value is relatively small. After initial guy pretension is over 30%, the maximum value of tensile force on guys on leeward side increases evidently. And in the case of the sag-span ratio of 1/9, the maximum value of tensile force on guys of both windward and leeward side increases evidently after initial guy pretension is over 30%. When sagspan ratio is relatively small, namely, 1/11 and 1/12, there is an evident nonlinear effect between the maximum value of guy tensile force and the initial guy pretension on both sides. This may be because different sag-span ratios of suspension-rope have an important impact on the loaded property, internal force redistribution, and so on. Figure 7 shows the relational graph of the average value and the maximum value of reaction force on mast supports at both sides varying with initial guy pretension and sag-span ratio of suspension-rope, which is similar to the above-said change rule of tensile force on guys, increasing with initial guy pretension under each sag-span ratio, with the average value of reaction force on the mast supports at both sides showing a linear growth trend; when sag-span ratio is 1/8, the maximum value of reaction force on mast support on windward side and leeward side is minimum. At this point, when initial guy pretension is greater than 30%, the average value of reaction force on mast support on windward side will increase significantly. Figure 8 shows the change situation of the average value and the maximum value of displacement on the top of masts at both sides varying with the change of above-said two parameters. At this time, it can be seen from the figure that, with the increase of sag-span ratio, the average value and the maximum value of displacement on the top of masts on both sides are increasing. When sag-span ratio reaches 1/8, the average value of displacement on the top of masts on both sides on leeward side and the maximum value of displacement on the top of mast on leeward side are larger than the others. With the increase of initial guy pretension, the average value of displacement on the top of masts on both sides decreases gradually, while the maximum value of displacement shows linear rule partially only when sag-span ratio is relatively small; in general, nonlinear effect is obvious.
Influence of Tensile Force on Guys.

Influence of Reaction Force on Mast Support.
Influence of Displacement at the Top of Masts.
Further Discussion of Parameters
From the above analysis, it is suggested that sag-span ratio of suspension-rope should be 1/8 or 1/9, so that the guy tensile force and the reaction force on mast supports will be kept at a small value. The displacement on the top of masts on both sides will increase, but effect is little due to very small displacement value. For the initial guy pretension, according to code for high slender structure design, for tower mast structure, it is suggested that the initial guy pretension should be selected in the range of 100∼250 N/mm technical regulation of design for tower and pole structures of overhead transmission line that the initial guy pretension should generally be controlled in 120∼140 N/mm 2 . According to the above analysis, for the cross-rope suspension towerline, the initial guy pretension should be controlled within 15% and 30% of designed bearing capacity.
Conclusion
In cross-rope suspension tower-line system, the initial guy pretension and the sag-span ratio of suspension-rope, as important structural design parameters, will have a significant impact on wind-induced vibration response. Therefore, this paper, from the point of view of time domain analysis, has made a variety of parameter analyses, with the main conclusions as follows:
(1) It is advisable to take 1/8 or 1/9 for the sag-span ratio of suspension-rope which is used to connect the masts on both sides and provide elastic support for split conductors so as to ensure making the guy tensile force kept at a smaller value at the same time when the displacement on the top of masts is smaller.
(2) Taking value for the initial guy pretension should be controlled within 15% and 30% of its designed bearing capacity. 
